The internal stress during high temperature creep was investigated for a die-cast Mg-Al-Ca alloy AX52 (X representing calcium) at 473 K through the strain-transient dip test technique. The microstructure of the alloy is characterized by the eutectic intermetallic phase covering the primary -Mg grains. The eutectic intermetallic phase plays dual roles in enhancing the creep strength from the viewpoint of the internal stress. First, the eutectic intermetallic phase sustains the stress-independent component of the internal stress with the magnitude of 15 MPa, resulting in the decrease in the effective stress. And second, it lowers the creep rate by two orders of magnitude at a given effective stress by reducing the mobile dislocation density and/or glide velocity of dislocations.
Introduction
Lightweight magnesium alloys have evoked an interest in the automotive industry for improving fuel efficiency through vehicle mass reduction in the past decade. 1, 2) The use of the alloys for automotive applications is currently restricted to relatively low-temperature components.
3) One of the limitations of magnesium alloys that have hindered more widespread application is their poor creep strength. [4] [5] [6] There is a strong need for the development of magnesium alloys with superior creep strength in the operating temperature range for automotive powertrain components. [7] [8] [9] [10] Calcium is both a cost effective and lighter alternative to rare-earth elements for improving high-temperature creep strength of magnesium alloys. [11] [12] [13] [14] The heat resistant MgAl-Ca alloys with superior creep strength have been successfully developed owing to the recent efforts to develop creep resistant magnesium alloys. [15] [16] [17] [18] The creep behavior of the AX52 (X representing calcium) alloy produced by die-casting, which is one of the most typical creep resistant Mg-Al-Ca alloys, was extensively investigated in a temperature range between 423 and 498 K in our previous study.
19 ) The rate-controlling process in the creep for the alloy has been demonstrated as a high-temperature climb of dislocations from the results of creep curves and creep parameters.
In the dislocation creep, the idea has been widely accepted that the creep deformation of crystalline solids does not take place under the whole of the applied stress but only under a part of the applied stress. 20) According to this concept, the applied stress consists of two components. The first of these components is generally called the effective stress which does a work while acting on a dislocation segment in its glide motion. And, the second component represents the internal stress corresponding to a long-range back stress to impede the movement of glissile dislocations. It is well established for single-phase alloys that the internal stress is originated in the dislocation substructures generated during creep deformation. 21) The internal stress during creep has been investigated for the Mg-Al die-cast alloy AM50 in our previous study, 22) whose microstructure consists of a small number ofMg 17 Al 12 particles in a matrix of -Mg phase.
23) The AX52 alloy is made by adding about two mass percent of calcium to the AM50 alloy. The microstructure of the AX52 die-cast alloy is characterized by the eutectic intermetallic phase covering the primary -Mg grains, 19, 24) as is previously presented for the AX die-cast alloys. [25] [26] [27] Our preliminary experiments by both the X-ray diffraction and energy dispersive spectrometry indicate that the intermetallic phase is a C15-Al 2 Ca phase in the equilibrium state.
28) The aim of the present study is to investigate the internal stress for the die-cast AX52 magnesium alloy, and to clarify the role of the eutectic intermetallic phase on creep strength by comparing the internal stress of the AX52 alloy with that of the AM50 alloy.
Experimental
The high-purity magnesium alloy of AX52 (Mg-4.98 mass%Al-1.72 mass%Ca-0.29 mass%Mn) was produced using a cold chamber die-cast machine. The melt temperature was controlled at 993 K, and the die-surface temperature was maintained constant at 473 K. The materials were obtained in the form of plates of 150 mm in length, 70 mm in width, and with thickness that varied in steps from 1 to 3 mm. Specimens for the creep tests with a gage length of 28 mm and a rectangular cross section of 6 Â 3 mm were machined from the 3 mm thickness sections of the castings.
23) The axes of the specimens were parallel to the 70 mm direction of the plates.
Constant load tensile creep tests were conducted in air using the lever-arm creep machines at 473 K under initial applied stresses that varied between 50 and 120 MPa. The accuracy of the temperature and the temperature gradient along the gage length were controlled so that they remained within 2 K during the test. The displacement of the specimen was measured by attaching an extensometer to ridges at the The internal stress was obtained through the straintransient dip test technique. 29) The technique consists of determining the reduction of applied stress at which zero creep is detected immediately after the stress reduction. A detailed description of the strain transients after stress reductions and an evaluation scheme of the internal stress have been presented in our previous paper. 22) 3. Results and Discussion
Creep characteristics
The creep rate-time curves for the AX52 die-cast alloy at 473 K under the six stresses between 50 and 120 MPa are shown in Fig. 1 , where the measured creep rate almost vary from 10 À5 to 10 0 h À1 . For every stress the creep rate decreases gradually with time to a minimum, indicating a normal transient creep response. After the minimum creep rate, the creep rate increases continuously to fracture giving a period of accelerating creep. It is found that the decrease in the creep rate during the transient stage becomes pronounced with decreasing stress.
The double logarithmic plots of minimum creep rate against stress are shown in Fig. 2 . A two-stage behavior is detected in the stress-exponent n for the alloy; n ¼ 9:6 for the low applied stresses below 100 MPa and a much higher value of n at high stress levels above 100 MPa. The critical stress changing the stress-exponent of minimum creep rates corresponds to the yield stress for magnesium alloys. 19, 23) In the next section, the internal stress measurements were carried out at the minimum creep rate stage under the applied stresses below 100 MPa.
The data for the AM50 (Mg-5.42 mass%Al-0.28 mass%Mn) die-cast alloy at 473 K obtained in our previous paper 22) are reproduced in the figure. The stress-exponent n ¼ 4:6 is detected at the low stress range below 65 MPa. It is found that the minimum creep rate for the AX52 alloy is three orders of magnitude lower than that for the AM50 alloy at 60 MPa. The difference between the minimum creep rates for both alloys becomes emphasized with decreasing stress, because the value of n in the low stress region for the AX52 alloy is about twice as large as that for the AM50 alloy.
Internal stress
The results of the internal stress for the AX52 die-cast alloy at 473 K are summarized in Fig. 3 . It is noted that the strain transients after stress reductions cannot be resolved at the applied stress of 50 MPa even by the measurement sensitivity of a submicron. The internal stress, i , for the alloy increases linearly from 38 to 49 MPa with increasing applied stress, a , from 60 to 90 MPa. All of the applied stress is expected to act as an internal stress below 24 MPa by extrapolating the linear relation to lower applied stresses.
The straight line showing the correlation between i and a for the AX52 alloy is almost parallel to that for the AM50 alloy.
22) The effect of solid solution strengthening is reflected to the increased gradient of the linear relation between i and a . 30) The solid solution strengthening by calcium is not considered as a predominant strengthening mechanism for the higher creep strength of the AX52 alloy. It is mentioned that the solubility of calcium in the -Mg phase is negligibly small at 473 K, according to the recent binary phase diagram of Mg-Ca system. 31) The value of i for the AX52 alloy is larger than that for the AM50 alloy by the magnitude of 15 MPa. The internal stress for the AX52 alloy is considered to consist of the stress-dependent component and stress-independent component. The stress-dependent component of the internal stress for the alloy is consistent with the internal stress for the and 120 MPa for the AX52 die-cast alloy. Minimum creep rates are indicated by arrows. Fig. 2 Plots of minimum creep rates against stress for the AX52 die-cast alloy at 473 K. The data for the AM50 die-cast alloy are reproduced in the figure. 22) AM50 alloy, which is originated in the dislocation substructures generated during creep deformation. 22) On the contrary, the stress-independent component of the internal stress with the magnitude of 15 MPa would be ascribed to the microstructural features other than the dislocation substructures; typically to the eutectic intermetallic phase of the alloy.
The ratios of internal stress to applied stress, i = a , are summarized as a function of applied stress in Fig. 4 . The value of i = a for the AX52 alloy at 60 MPa is 0.63, and it decreases with increasing applied stress. The i = a value is 0.54 at 90 MPa. It is expected that the value of i = a arrives to unity at the applied stress of 24 MPa. On the contrary, the i = a value for the AM50 alloy remains unchanged at 0.36 irrespective of applied stress below the yield stress, while the value at 20 MPa is somewhat larger. 22) The abrupt decrease in the effective stress at lower applied stresses for the AX52 alloy would result in the higher value of n for the alloy relative to the AM50 alloy.
Effective stress
The plots of minimum creep rates against effective stress are summarized in Fig. 5 . The minimum creep rates, _ " " min , of the AX52 alloy are arranged by the straight line with the slope of 4 against effective stress, e , as is the case for nickelbase alloys.
30) The relation is described according to the following equation:
where C is the constant depending on alloy composition and creep testing temperature. The exponential form of expression between _ " " min and e is detected also for the AM50 alloy. The value of C for the AX52 alloy is evaluated as 2:1 Â 10 À10 h À1 MPa À4 at 473 K, which is about two orders of magnitude smaller than that for the AM50 alloy (2:6 Â 10 À8 h À1 MPa À4 ). In the dislocation creep, the creep rate of crystalline solids is evaluated by using the well known Orowan equation. 20) The equation represents that the creep rate, _ " ", is identical with the product of the density of mobile dislocations, m , the length of the Burgers vector, b, and the mean glide velocity, v Ã :
The variables m and v Ã can be affected by the microstructural aspects, while the parameter b is a material constant. The eutectic intermetallic phase covering the primary -Mg grains detected in the AX52 alloy is deduced Fig . 3 Relationship between internal stress and applied stress for the AX52 die-cast alloy at 473 K. The data for the AM50 die-cast alloy are reproduced in the figure. 22) to lower the creep rate by two orders of magnitude at a given effective stress by reducing the mobile dislocation density and/or glide velocity of dislocations.
Conclusions
The internal stress during high temperature creep was investigated for the die-cast Mg-Al-Ca alloy AX52 (X representing calcium) at 473 K through the strain-transient dip test technique. The microstructure of the alloy is characterized by the eutectic intermetallic phase covering the primary -Mg grains. The eutectic intermetallic phase plays dual roles in enhancing the creep strength from the viewpoint of the internal stress. First, the eutectic intermetallic phase sustains the stress-independent component of the internal stress with the magnitude of 15 MPa, resulting in the decrease in the effective stress. And second, it lowers the creep rate by two orders of magnitude at a given effective stress by reducing the mobile dislocation density and/or glide velocity of dislocations.
